Abstract. The heterogeneity of porous features and different phases, especially porous features are important in the performance of ceramic coatings as thermal protection. In evaluation of mechanical properties of porous composite coatings by using nanoindentation, the effect of heterogeneity needs to be clarified. In this study, YSZ/Al 2 O 3 composite coatings prepared by EPD and sintered subsequently at high temperatures are investigated. Load-displacement curves are pores and particle fractures sensitive, but independent of different phases. The measured mechanical properties are strongly dependent on the penetration depth chosen. In order to cover all the microstructural features in the YSZ/Al 2 O 3 composite coatings, a penetration depth larger than 1000 nm was required to determine the global mechanical properties.
Introduction
Ceramic materials, resistant to high temperature and corrosive environment, are often coated on metal components in harsh working conditions as protection. The mechanical properties of coatings, such as modulus and hardness are essential in evaluating the coating performance. Various techniques have been developed for evaluating the mechanical properties of coatings, among which, a high-resolution, depth-sensing indentation technique has been successful in the examination of ceramic coatings [1] [2] [3] . It allows a determination of mechanical properties locally on small structural features in the materials due to its small measurement length scale (micrometer or nanometre) and quasi-nondestructive nature. The method relies on there being an accurate determination of the initial contact of the indenter with the specimen surface, corrections for compliance of the loading column, corrections for bluntness of the indenter, and corrections for materials-related issues such as sink-in, pile-up, residual stress and indentation size effect (the hardness decreases with the increase of depth) etc [4] . The first two issues and the sink-in have been corrected in Pharr-Oliver method. The bluntness of the indenter can be calibrated by performing an indentation on a reference material-silicon. The influence of the pile-up has been studied using finite element simulation [5] [6] [7] [8] combined with imaging the contact impression which found that the contact area can be underestimated as much as 60% when the pile-up is significant [5] . The effect of pile-up cannot be ignored when using the indentation technique to measure hardness and modulus. The measured mechanical properties, especially for thin films, are strongly dependent of the penetration depth [1, 2, 9] . Thereby it is important to correct the pile-up, residual stress and find an applicable penetration depth in order to obtain accurate mechanical properties.
In this work, YSZ/Al 2 O 3 composite coatings were fabricated by using electrophoretic deposition and sintered subsequently at high temperatures. The effects of pile-up and residual stress were studied and found to be insignificant in this type of coatings [10] . Load-displacement curves are sensitive to the pores and the collapse of pores would affect the measurement of mechanical properties. The effect of penetration depth has been investigated and the mechanical properties obtained are strongly dependent on the penetration depth. To measure the macroscopic mechanical properties of a material, an indentation-size effect can be avoided by using a large enough penetration depth, >1000nm in this case.
Experimentals
Yttria-stabilized zirconia/alumina (YSZ/Al 2 O 3 ) composite coatings were prepared from a mixture of 95wt% YSZ powder (∼0.3 μm, HSY-8, Daiichi Kigenso Kagaku Kogyo, Japan) and 5wt% Al powder (<6 μm, Alpoco, UK) by electrophoretic deposition (EPD), which is detailed in elsewhere [11] , followed by thermal treatment at high temperatures. The green coatings were dried at room temperature for 24 h before they were sintered in air at 1250°C, 1400 o C and 1450 o C for 4 h. In parallel, two bulk samples with same compositions as coatings prepared above were dry-pressed and sintered at 1450oC and 1500oC for 2 hours for comparison. The coatings prepared are all aimed to be ~200µm and the bulk samples are 2000µm in thickness and 10000µm in diameter.
JSM 6500F thermal field emission scanning electron microscope, fitted with an Oxford Inca 300 EDS system was used to examine the microstructures of composite coatings. Nanoindentation experiments were carried out by employing a Nano Indenter® XP (Nano Instruments, MTS systems corporation, USA). For indentation we used a Berkovich indenter with a total included angle of 142.3 o and a half angle of 65.35 o calibrated with a standard silica specimen by running a standard continuous stiffness measurement (CSM). The load was held at 70% of maximum load for 60 s to correct for thermal drift. Tip geometry and machine compliance were calibrated prior to the test. Hardness and Young's modulus were determined using the Oliver and Pharr analysis method [5] .
Results and Discussion
The microstructures of the YSZ/Al 2 O 3 composite coatings sintered at 1250 o C (with the impression of a 2µm penetration depth indentation), 1400 o C and 1450 o C for 4 h are shown in Fig.1 . It can be seen from Fig.1 (a) that the coating sintered at 1250 o C is porous and many small crack-like pores are present on the top surface. In comparison with the one sintered at 1250oC, large pores are formed while small pores are closed on those sintered at higher temperatures. For the coatings sintered at 1250 o C, 1400 o C and 1450 o C, the porosity was measured to be 41%, 28% and 18% by the weight-volume method, respectively. And the average grain size measured by SEM is 0.4µm, 0.6µm and 0.8µm respectively. And also from Fig. 1(a) , it can be seen that the diameter of a 2µm penetration depth impression on the coating is about 8µm. Thus resulting contact area between the Berkovich indenter and the sample is large enough to cover all the microstructural features of the coatings. Fig.2 . It was found that the one sintered at lower temperature tend to generate a load-displacement curve with more kinks ( the inset is the enlarged one sintered at 1250 o C), while the ones sintered at higher temperature have less kinks presented. These kinks may be due to the presence of pores which might cause micro-collapse underneath the indenter and possible particles fracture occured, or the presence of two different phases which would lead to a sudden change in the stress-strain response in the YSZ /Al 2 O 3 composite coating. Fig.2 Load-displacement curves of YSZ/Al 2 O 3 composite coatings In order to clarify whether the presence of different phases would account for the kinks or not, two bulk samples with same compositions have been prepared. These two bulk samples which would still have different phases are dry pressed and sintered at 1450 o C and 1500 o C respectively, resulting in a theoretical density higher than 95% to exclude the effect of pores. SEM images of the top surfaces are shown in Fig.3 . It can be seen that both samples are very dense, but the sample sintered at 1450 o C has more uniform and smaller grains than the one sintered at 1500 o C. The grain size of samples sintered at 1450 o C is in the range of 0.4-0.9µm, while the grains of samples sintered at 1500 o C seem to fall into two ranges: smaller ones are around 1µm and large ones are about 4µm. Such samples were examined by indentation and the load-displacement curves (Fig.4) were found to be fairly smooth and kink-free. The only difference observed between the two curves is that under the same load of 650mN, the sample sintered at 1500 o C was penetrated into a shallower depth of 1.6µm than the one sintered at 1450 o C, which was penetrated into 1.85µm. The dimension of grains has little effects on the appearance of the curves. This implies that the kinks observed in Fig.2 are independent of different phases and grain size, must be mainly due to the presence of the pores and particles fractures in the microstructure. o C were examined closely, shown in Fig.5 . The area underneath the indenter appeared to be much denser than the rest areas. This evident densified feature is the evidence of the collapse of pores during the indentation. When the pores collapsed, the load applied remained constant but the displacement would continue to increase as a result of collapsed pores. Thus, the collapse of pores would lead to a sudden change in the load-displacement curves, appeared as kinks. Also some small particles fractures have been observed nearby the impression of the indentation. Therefore, it can be concluded that the kinks in porous composite coatings are mainly attributed to the collapse of pores and small particles fracture occurred upon indentation, have little to do with the different phases.
Conclusion
Porous features are essential to the ceramic coatings on metal components as thermal protection, while they also render a challenge for the characterization of mechanical properties by nanoindentation. Load-displacement curves obtained in nanoindentation are found to be independent of different phases, while sensitive to the presence of sub-micrometer pores and small particle fractures. The pores tend to collapse underneath the indenter and result in a large scatter in the acquired data, thus an applicable penetration depth is necessary for the accurate measurements in porous coatings. In order to cover all the microstructural features in the porous YSZ/Al 2 O 3 composite coatings, a penetration depth larger than 1000nm was required to determine the global mechanical properties.
